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Broadband light emission is obtained from a chirped multiple InAs/InGaAs/GaAs quantum dot (QD) structure.
The thickness of the InGaAs strain-reducing layer (SRL) is used as the tuning parameter to adjust the light
emission property of each QD layer in the chirped structure. It is shown from the photoluminescence (PL)
measurement that the SRL thickness has a strong influence on the PL peak position, linewidth, and intensity.
By constructing the chirped QD structure comprising five groups of QD layers with different SRL thicknesses,
a broadband electroluminescence emission with the full width at half maximum of 202 nm is realized, indicating
the feasibility of chirped multiple InAs QD layers on broadening the emission spectrum.
PACS: 81.07.Ta, 73.21.La, 78.67.Hc, 85.60.Jb DOI: 10.1088/0256-307X/30/11/118102
For broadband optical sources such as superlu-
minescent diodes,[1] broadband lasers,[2] widely tun-
able external cavity lasers,[3] and semiconductor op-
tical amplifiers,[4] there is a strong demand for a
wide gain-bandwidth active medium. Particularly,
self-assembled quantum dots (QDs) grown by the
Stranski–Krastanow mode[5,6] have been recognized
as an ideal material to realize broadband light emis-
sion. Due to the inhomogeneous dot size distribu-
tion, emission spectrum with a full width at half max-
imum (FWHM) of 90 nm at the center of 1.1µm can
be readily obtained by only utilizing the ground-state
(GS) emission.[7] Moreover, benefiting from the rela-
tively low density of state of QD GS, the excited states
can be filled by carriers at a fairly low pump level.
Correspondingly, the emission band with an FWHM
more than 100 nm can be easily realized by the co-
utilization of multiple energy states.[8,9] In order to
further increase the spectral width, chirped multiple
(CM) QD layers have been proposed as the active
medium.[10−19] Generally, the CMQD structure con-
sists of several kinds of QD layers. As the emission
wavelength of each kind of QD layer in the chirped
structure can be individually controlled by a change
in the QD structural parameter, the composite emis-
sion of the chirped structure will yield a broad spec-
trum. An ultrawide-bandwidth of 190 nm with central
wavelength 1020 nm was realized by utilizing height-
engineered InAs dots.[19] However the exact control of
the QD size in each layer is difficult to implement.
Furthermore, a hybrid quantum well/quantum dot
structure was constructed. A spontaneous emission
with a 3 dB bandwidth of 250 nm was achieved due to
the combined contributions from both the GS and the
first excited state of the QD and the single quantum
well.[20] Nevertheless, the shape of the gain spectrum
is strongly dependent on the injection current and the
broadband emission can only be obtained under spe-
cific injection level.
It has been demonstrated from the previous works
that the emission wavelength of the QD layer can be
controlled easily and reproducibly by changing the
matrix surrounding the QDs. In particular, when the
QDs are covered by an InGaAs strain-reducing layer
(SRL), a red shift of the emission wavelength can be
observed.[14,21,22] By stacking CMQD layers in which
each group of QD layers is covered by SRL with dif-
ferent thicknesses, a broad emission band is expected.
Han et al. have designed a chirped QD structure by
changing the matrix surrounding the QDs. Two emis-
sion peaks separated by 80 nm directly reflect the
chirped QD characteristics.[11] By utilizing a similar
CMQD structure comprising three groups of QD lay-
ers with different SRL thicknesses, Kovsh et al. have
reported on a QD laser having an emission spectrum
as broad as 74.9 nm.[17] Meanwhile, 160-nm tuning
range and 200-mW output power have been demon-
strated for grating-coupled external cavity laser.[18]
Therefore the CMQD structure with different SRL
thicknesses has been proved to be a feasible method
to broaden the emission band.
In this Letter, we investigate the effect of InGaAs
SRL thickness on the PL peak, linewidth, and in-
tensity of a single InAs QD layer. According to the
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PL results, the SRL thickness and the corresponding
stacked layer number are designed. By incorporating
five groups of QD layers with different SRL thicknesses
into chirped stacks, a large spectral width of 202 nm
is demonstrated.
InAs quantum dot 
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Fig. 1. (a) Schematic energy band diagram (conduction
band) of the samples with single InAs QD layer. (b) A
1µm× 1µm atomic force microscope image of InAs QDs
grown on GaAs.
The samples were grown on n-GaAs (001) sub-
strates by a Riber 32P solid-source molecular beam
epitaxy machine. Figure 1(a) shows the schematic
energy band diagram (conduction band) of the sam-
ples with a single InAs QD layer. The growth pa-
rameters for the five samples are identical except for
the thickness of In0.15Ga0.85As SRL. The InAs QDs
were formed by continuous deposition of two mono-
layers (MLs) of InAs at a substrate temperature of
490∘C and a growth rate of 0.06ML/s. After the QD
formation, the 0-nm, 1-nm, 2-nm, 3-nm, and 4-nm
In0.15Ga0.85As SRLs were grown for samples A, B,
C, D, and E, respectively. Finally, a 35-nm GaAs
spacer and uncapped InAs QDs were grown for the
morphology study. From the analysis of atomic force
microscope (AFM) images, five samples possess al-
most identical QD areal density. Figure 1(b) shows
the typical AFM image of sample D, from which the
QD areal density and average height are estimated to
be 4.9× 1010 cm−2 and 4.8 nm respectively. Then the
photoluminescence (PL) measurements were carried
out at room temperature by using a 632.8 nm He-Ne
laser as an excitation source. After the optical inves-
tigations of the samples with single InAs QD layer,
we designed the CMQD structure which consists of 11
QD layers with In0.15Ga0.85As SRL thickness of 0 nm
(no SRL, 3 layers), 1 nm (2 layers), 2 nm (2 layers),
3 nm (2 layers), and 4 nm (2 layers).[23] Neighboring
QD layers were separated by a 35-nm GaAs spacer and
all the active layers were embedded in a GaAs waveg-
uide. Below and above the waveguide are 1.5-µm n-
and p-type Al0.5Ga0.5As cladding layers, respectively.
Finally, a p+-doped GaAs contact layer completed the
structure. In order to evaluate the spectral property,
the CMQD epitaxial wafer was processed to fabricate
a bent-waveguide gain device, which has 5-µm-wide
ridge waveguide and 1-mm-long cavity with a 0.5-mm
bent part. The curvature radius of the bent waveguide
is 8.2 mm, resulting in about 7∘ tilting from the nor-
mal direction of the cleaved facet. The gain chip was
mounted epitaxial-side down on copper heat sink. The
electroluminescence (EL) measurements were taken at
room temperature by pulse current injection with rep-
etition rate 1 kHz and pulse width 30µs.





























Fig. 2. Normalized PL spectra of the samples with differ-
ent thicknesses of In0.15Ga0.85As SRL.


































































Fig. 3. PL peak wavelength (black circles), FWHM (red
squares), and integral intensity (blue triangles) as a func-
tion of the thickness of In0.15Ga0.85As SRL.
Figure 2 shows the normalized PL spectra of the
samples with a single InAs QD layer. For clarity, the
dependence of the PL peak wavelength, FWHM, and
integral intensity on the thickness of In0.15Ga0.85As
SRL are shown in Fig. 3. Obviously, the PL peak
wavelength increases from 1115 to 1241 nm as the SRL
is increased from 0 to 4 nm. Similar results have also
been reported by others and the red shift of the emis-
sion band can be attributed to the reduction of strain
in the QDs,[21] the suppression of indium segregation
from the QDs to the cap layer,[21] and the increase of
the effective QD size.[22] In contrast, the PL FWHM
decreases from 78 to 43 nm with increasing SRL thick-
ness. This is mainly related to the preservation of QD
size uniformity.[21] In addition, it can also be observed
from Fig. 3 that the PL integral intensity increases
slightly with increasing SRL thickness, which is prob-
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ably due to a decreased defect amount caused by the
reduction of strain in QDs, or/and due to an enhanced
trapping capacity to carriers in QDs induced by the
reduction of transition energy.
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Fig. 4. Composite PL spectrum with 11 QD layers.
It has been demonstrated from Fig. 3 that the PL
spectra with different PL peak wavelength, FWHM,
and integral intensity can be obtained by changing
the thickness of In0.15Ga0.85As SRL. Therefore stack-
ing multiple QD layers with different SRL thicknesses
may result in a broadband light emission. In order to
validate this idea, the CMQD structure with 11 QD
layers was designed. The number of stacked layers was
decided to be 3 for the QDs without In0.15Ga0.85As
SRL by considering the relatively low integral inten-
sity. While for the other four groups of QD layers with
In0.15Ga0.85As SRL of 1 nm, 2 nm, 3 nm, and 4 nm,
each comprised two equivalent planes of QDs. Figure
4 depicts the composite PL spectrum of 11 QD layers.
The contributions from each group of QD layers are
also drawn for comparison. A bandwidth of 173 nm is
obtained from the composite PL spectrum, which sug-
gests that the combination of multiple QD layers could
increase the spectral bandwidth of QD gain device re-
markably. In addition, three peaks in the composite
PL spectrum can be observed owing to the overlap of
PL spectra from multiple QD layers. From the com-
parison of PL spectra between the composite 11 QD
layers and the individual QD groups, it is inferred that
the three peaks centered at 1236, 1168, and 1117 nm
mainly come from the contributions of the two groups
of QD layers with 3-nm and 4-nm SRL thickness, the
two groups of QD layers with 1-nm and 2-nm SRL
thickness, and the three QD layers without SRL, re-
spectively.
The designed CMQD structure with 11 QD layers
was then grown as the active layers and the gain device
with bent-waveguide structure was fabricated. Figure
5 presents the EL spectra of the gain device measured
from the straight-waveguide side. An emission peak
located at 1258 nm with the FWHM of 68 nm is ob-
served at a current of 50mA. It should be noted that
the PL peaks of the single InAs QD layers with 4-
nm and 3-nm SRL are located at 1241 and 1231 nm,
and the FWHMs are 43 and 47 nm, respectively. In
comparison, we can conclude that under low injection
level, the QD layers with 4-nm and 3-nm SRL mainly
contribute to the light emission. Under 1-A injection,
an additional peak around 1170 nm appears, which is
in accord with the PL emission at 1179 and 1157 nm
from the single QD layers with 2-nm and 1-nm SRL.
As the injection current is further increased to 3A,
the emission contribution from the QD layers without
SRL results in another peak at 1105 nm. Finally a
wide FWHM of 202 nm covering from 1082 to 1284 nm
is realized.



























Fig. 5. EL spectra of the gain device measured from the
straight-waveguide side under various injection currents.
Obviously, the emission characteristics stated
above are related to the sequential capture of carri-
ers by the CMQD structure. When the device is for-
ward biased, electrons are injected from the n-cladding
layer and the holes are injected from the other direc-
tion in the CMQD structure. These carriers are then
captured by the QDs in the order that the carriers en-
counter them. Because of the slow mobility of holes,
radiant recombination happens preferentially in the
QD layers near the p-cladding layer. In addition, the
QD layers with a thicker InGaAs SRL (for our device,
these layers are also close to the p-cladding layer) have
the lower transition energy and may capture carriers
much more easily. Therefore, under low injection cur-
rent, the injected carriers are firstly captured by the
QD layers with the thicker SRL and the light emission
occurs at long-wavelength side. With the increase in
injection current, the carriers are filled into the QD
layers with the thinner SRL sequentially, resulting in
a broadening of emission band towards short wave-
length side.
Moreover, from Fig. 5 it can also be observed that
the EL spectrum with multiple peaks at 3 A is simi-
lar in line shape and peak position to the composite
PL spectrum of designed CMQD structure. This re-
118102-3
CHIN.PHYS. LETT. Vol. 30, No. 11 (2013) 118102
sult indicates that the layout of SRL thickness in the
CMQD structure is very important for the realization
of broadband light emission.
In conclusion, the effect of InGaAs SRL thickness
on the emission peak, linewidth, and intensity of sin-
gle InAs QD layer has been investigated. Then the
CMQD structure, which consists of five groups of QD
layers with different SRL thicknesses, is designed. By
introducing the CMQD layers into the active region of
gain device, a broad output spectrum up to 202 nm is
realized. The result confirms that the CMQD struc-
ture is effective for the realization of broadband light
emission.
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